Abstract The time course of the inhibition of peak tension (inactivation) of potassium contracture induced by conditioning depolarization with 10, 15, 20 and 30 mm K+ was examined, using single twitch fibers from the frog semitendinosus muscle. The time-dependence curve of the inactivation was biphasic, consisting of the first phase and the second phase. The first phase was characterized as follows : 1) the time course and the extent depend on the degree of conditioning depolarization; 2) the inactivation proceeds exponentially and finally reaches a steady level; and 3) the rate is markedly increased by lowering Ca2+ in the external medium. It could be considered that the first phase of the inactivation is an analogical phenomenon with the inactivation of sodium conductance in a squid giant axon. The second phase of the inactivation induced by conditioning with 20 and 30 mm K+ reached its full inactivation independently of the degree of conditioning depolarization. On the basis of these results, the terms inactivation 1 and inactivation 2 were given to the first phase and second phase, respectively, of the time-dependence curve of the inactivation of potassium contracture.
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We have recently reported that two distinct processes of the inactivation of potassium contracture (K contracture) are involved in the inactivation induced by conditioning in Ca2+-free medium, by conditioning depolarization with a subthreshold concentration of K or by the conditioning depolarization in the presence of dantrolene or other agents (KOSAKA et al., 1977; TAKAUJI and NAGAI, 1977) . We tentatively termed these two processes inactivation 1 and inactivation 2: inactivation 1 was related to only the spontaneous relaxation of K contracture, while inactivation 2 was related to only the inhibition of the peak contracture tension in the whole range of the time-dependence curve of the inactivation.
On the other hand, we found that the time course of the inactivation of K contracture induced by conditioning depolarization is biphasic (TAKAUJI and T. NAGAI,  M. TAKAUJI,  I . KOSAKA, and M. TSUTSU-URA : one phase in which the peak tension of test K contracture decreases with increasing the time of conditioning and finally reaches a steady level, and the other phase in which the peak tension of the test K contracture falls with time towards a full inactivation. In the present paper, the nature of the biphasic time-dependence curve of the inactivation of K contracture was further investigated. The first and second phases of the curve were characterized and termed inactivation 1 and inactivation 2, respectively. In addition, results on the mechanical inactivation reported by several investigators were discussed from the points of view obtained in the present studies. This work has been presented at the 6th International Biophysics Congress, Kyoto, Japan (TAKAUJI et al., 1978 1. Biphasic time course of the inactivation of K contracture 1) Dependence of inactivation of the degree and the duration of coditioning depolarization. The time-dependence of the inactivation of K contracture induced by various conditioning depolarizations was measured, according to the procedure described by FRANKENHAEUSER and LANNERGREN (1967) and SHINOZAKI and OOTA (1976) . The fibers were bathed in the conditioning solution containing 15, 20 or 30 mm K+ before their exposure to test solution (190 mm K+ Ringer solution). Under these conditioning depolarizations, the peak tension of the test K contractures decreased with lengthening of the conditioning time (Figs. la, lb and lc). When the duration of the conditioning depolarization is constant (1 min), the peak tension of the test K contracture was reduced depending on the degree of the conditioning depolarization: by pretreatment of the fibers with 15, 20 or 30 mm K+, the peak tension of the test K contracture was inhibited to 90, 68 or 45 %, respectively (see also Fig. 2 ). When these values were plotted against the concentration of K+ on the abscissa, a similar inactivation curve to that reported by SHINOZAKI and OOTA (1976) was obtained.
2) Time-dependence of inactivation. Using the values obtained in the foregoing experiments (Figs. la, lb and 1c), time-dependence curves of inactivation of K contracture were drawn (Fig. 2) . By the conditioning of a single fiber with 15 mM K+, the peak tension of the test K contracture was very slowly decreased and this inactivation reached a steady level (relative tension, 0.83) at about 3 min: we term this phase the first phase of inactivation. A similar result was observed in the case of the conditioning depolarization with 10 mM K+. The first phase of inactivation induced by 15 mM K+ further increased very slowly. In the case of conditioning with 20 mM K+, the inactivation developed more rapidly during the early stage of the conditioning period and reached a steady level (relative tension, 0.60) at about 2 min (the first phase of inactivation term this phase the second phase of inactivation. These results are similar to that recently reported by TAKAUJI and NAGAI (1977) . In the case of conditioning with 30 mM K+, the time course of inactivation became more rapid and it reached the full level without passing through a steady level. In summary, the time course of inactivation is biphasic: the first phase reaches a steady level depending on the degree of conditioning depolarization , while the second phase reaches its full inactivation independently of the degree of conditioning depolarization, but the onset of the second phase depends on the degree of the conditioning depolarization. 
Analysis of the time course of the first and second phases of inactivation
In the present study, it was observed that when the relative tension-time curve obtained with the conditioning depolarization at 20 mM K+ (Fig. 2) are expressed on a semilogarithmic scale (Fig. 3) , the curve consists of two straight lines which correspond to the first and second phases. Therefore, it is evident that the time course of the inactivation of K contracture is exponential in both the first and second phases. On the other hand, in the case of conditioning with 30 mm K+, the time course of inactivation was monophasic . However, this seems to be a combination of the first and second phases of inactivation, since log tension-time plots indicated that the curve consists of two straight lines (not shown here). From the log tension-time plots, the time constants of the first phase of the inactivation induced by the conditioning depolarization with 15, 20 and 30 mm K+ was 68, 40 and 59 sec, respectively , and those of the second phase with 20 and 30 mm K+ was 177 and 27 sec, respectively .
Effect of calcium concentration
Effect of low calcium concentration on the time course of inactivation was examined (Figs. 4 and 5) . In the presence of 1.8 mm Ca2+, by conditioning with 10 mm K+, the first phase of inactivation of K contracture was observed, but not the second (Figs. 4 and 5) . By lowering the Ca concentration to 0 .18 mM, the time-dependence curve of the inactivation markedly shifted to the left, and a biphasic character appeared. From a similar analysis of this curve to that in Fig. 3 , the time course of the inactivation consists of two exponential curves with time constants of 54 and 23 sec.
DISCUSSION
The present study clearly indicates that the time course of the inhibition of K contracture induced by conditioning depolarization, i.e., the time course of the inactivation is biphasic, consisting of the first phase and the second phase (Fig. 2) .
The first phase of the time-dependence curve of the inactivation shows the following characteristics : 1) the time course and the extent of the inactivation depend on the degree of conditioning depolarization; 2) the inactivation of this phase exponentially proceeds and finally reaches a steady level ; and 3) the rate of the first phase is markedly increased by lowering Ca in the external medium. These characteristics resemble those of the inactivation of sodium conductance in a squid giant axon (HODGKIN and HUXLEY, 1952a, b; FRANKENHAEUSER and HODGKIN, 1957) . Therefore, it can be considered that the first phase of the time-dependence curve of inactivation of K contracture is an analogical phenomenon with the inactivation of sodium conductance.
The characteristics of the second phase of the inactivation are clearly different in several points from those of the first phase; the second phase of the inactivation reaches its final level (full inactivation) independently of the concentration of K for conditioning and the time constant is far longer. It seems that the existence of the second phase has not been shown on the inactivation of sodium conductance of squid giant axon. In these circumstances, it is interesting to notice the recent report of MANDRINO (1977) , which indicates that the inactivation of the sodium current in frog single skeletal muscle fibers shows two phases.
We previously proposed that the inactivation of K contracture consists of two distinct processes, and tentatively termed these processes inactivation 1 and inactivation 2 (KosAKA et al., 1977; TAKAUJI and NAGAI, 1977) . According to our previous view, inactivation 1 was related to only the spontaneous relaxation of K contracture, while inactivation 2 was related to only the inhibition of the peak contracture tension in the whole range of the time-dependence curve of the inactivation. However, the inhibition of peak tension induced by inactivation implies the inhibition of activation by some process which is caused by depolarization with K, and the inactivation related to the spontaneous relaxation also involves the inhibition of activation induced by a similar process. Therefore, it may be unreasonable to distinguish the inactivation related to spontaneous relaxation from that related to the inhibition of peak tension. This consideration could be supported by the fact that the inactivation of sodium conductance influences the rate of falling phase of action potential (HODGKIN and HUXLEY, 1952a, b) . As mentioned above, the first phase of the time course of mechanical inactivation shown in Fig. 2 has an analogical character with the inactivation of sodium conductance. This result suggests that the first phase of the inactivation influences the rate of spontaneous relaxation of K contracture, since the inactivation of sodium conductance affects the rate of falling phase of action potential, and this, in turn, suggests that the first phase of the inactivation includes the above-mentioned inactivation 1 previously proposed by us (KOSAKA et al., 1977; TAKAUJI and NAGAI, 1977) . Hence, it would be reasonable to apply the term inactivation 1 to the first phase of inactivation of K contracture. On the other hand, since the second phase of inactivation is at present considered to have a different character from the first phase (see above), we apply the term inactivation 2 to the second phase of inactivation of K contracture. Thus, the terms inactivation 1 and inactivation 2 are finally given to the first phase Vol.29, No.5, 1979 T. NAGAI, M. TAKAUJI, I. KOSAKA, and M. TSUTSU-URA and the second phase of inactivation (Fig. 2) , respectively, with a partly different meaning from that of the terms originally proposed. LUTTGAU (1963) described mechanical inactivation as being analogical to the inactivation of sodium conductance. From the foregoing discussion, this analogy should be limited to the first phase of mechanical inactivation (inactivation 1) in our present paper. On the other hand, FRANKENHAEUSER and LANNERGREN (1967) pointed out that the inactivation induced by conditioning depolarization with a subthreshold concentration of K reaches full inactivation without passing through a steady level. This inactivation is considered to correspond mainly to the second phase of inactivation (inactivation 2) in our present paper.
It has been reported that the inhibition of peak tension of the test contracture with 190 mM K+ is relatively small, immediately after the spontaneous relaxation of the contracture induced by application of 30 or 40 mM K+ (FRANKENHAEUSER and LANNERGREN, 1967 ; STUESSE and LINDLEY, 1975 ; KOSAKA et al., 1977) . From our view mentioned above, on the biphasic time course of inactivation and the final expression of inactivation 1 and inactivation 2, this phenomenon may be explained by considering that during the spontaneous relaxation phase of the contracture induced by conditioning with a moderate concentration of K, inactivation 1 (the first phase of inactivation) has already fully occurred, but inactivation 2 (the second phase of inactivation) has not yet occurred sufficiently. FRANKENHAEUSER and LANNERGREN (1967) , STUESSE and LINDLEY (1975) and KOSAKA et al. (1977) have emphasized that in the case of conditioning depolarization with subthreshold concentrations of K, the inactivation of K contracture occurs without a preceding activation. This may mean that the threshold for the inactivation process (consisting of inactivations 1 and 2) of K contracture is lower than that for the activation process. However, the fact that the inactivation process (involved in the spontaneous relaxation) of a contracture, induced by superthreshold concentrations of K, follows the activation process may imply that the rate of development of the activation process is larger than that of the inactivation process under this condition. The "inactivation without a preceding activation" mentioned above also has been observed in the case of sodium conductance (HODGKIN and HUXLEY, 1952a) .
In the present experiment (Figs. 4 and 5) , it was demonstrated that at 1.8 mM Ca and 10 mM K, the time-dependence curve of the inactivation was monophasic (within at least 10 min) and had a time constant of 90 sec and, on the other hand, at low Ca concentration (0.18 mM) the curve showed a biphasic character : the first phase (inactivation 1) and the second phase (inactivation 2) had time constants of 54 and 23 sec, respectively. These results indicate that both inactivation 1 and inactivation 2 are facilitated by the lowering of Ca in the external medium.
